The present paper introduces a numerical study on the optimum performance of steam ejector at constant pressure ratio. Both the suction and motive fluids are assumed to be dry steam. As a result of the low pressure created at the exit of the supersonic motive steam nozzle, a suction steam is entrained to be mixed with the motive steam where both flows continue flowing towards the ejector exit. Mass ratio of suction to motive flows is a vital parameter to enhance the ejector performance. The objective of the present study is to maximize the steam ejector efficiency by optimizing the ejector mass ratio. The effect of three different geometrical parameters on ejector mass ratio and its efficiency is investigated at constant operating conditions. These parameters are the ejector convergent section angle, the length of the constant area mixing chamber and the ejector divergent section angle. The theoretical model is formulated based on single phase (superheated steam), twodimensional and compressible flow using the finite volume solver, FLUENT 6.3. In addition, steady, axisymmetric horizontal ejector is considered. The realizable ε − k model is used to model turbulence in the present simulation. The proposed numerical model is validated with the available experiments in literature. The results showed that the ejector wall static pressure distributions were greatly affected by the three investigated geometrical parameters. Furthermore, at constant operating conditions (motive, suction and back pressures) separation in the ejector divergent section started to take place at 10 o at β =4.8 o . In order to avoid separation, the ejector divergent section angle must be selected carefully together with the operating conditions. The ejector mass ratio and efficiency increased with increasing the previously stated three geometrical parameters to gain there upper limit values, subsequent to that, the efficiency and mass ratio decreased with increasing these geometrical parameters. Moreover, it is finally concluded that there are certain optimum ejector convergent, divergent angles and the length of the constant area mixing chamber in order to optimize the ejector mass ratio and consequently its efficiency at given constant operating condition.
INTRODUCTION
Ejectors are generally used in several applications due to their easy construction and simple operation. A highly pressurized motive steam in the ejector is known as the primary fluid. The primary fluid flows through a motive flow nozzle to entrain the secondary fluid. The primary and secondary flows mix together in a duct and then the flow pressure is recovered in a diffuser. Theoretically, there must be a complete swap of momentum at the end of mixing duct producing a uniform mixed stream flow travelling at a mean velocity between the motive and suction flow velocities. A diffuser is fitted in order to reduce the losses as possible by decreasing gradually the flow velocity to convert the exit kinetic energy from the mixing duct to pressure. Through the past decades, computational fluid dynamics (CFD) methods have been regarded as an efficient means to analyze ejector performance and to predict its behavior. A number of CFD studies were performed to investigate the effluence of ejector geometry on its performance, namely the motive nozzle exit position (NXP), the area ratio of nozzle throat to constant area section, and the length of constant area section before and after the throat [1] [2] [3] . These studies showed that the ejector performance depended greatly on the first two parameters however the third parameter slightly affected its performance.
Tarek A. Ghonim, [4] presented a comprehensive optimization of air ejectors at different and wide ranges of operating conditions and geometries. However, that previous work did not consider the change in both convergent and divergent angles of the ejector mixing duct and diffuser. Different optimum design correlations were deduced at given ejector angles to maximize the ejector efficiency and it was concluded that the entire optimization would change negatively if the ejector angles changed. Many other studies [6] [7] [8] [9] , investigated the effect of operating pressures on the performance of a steam ejector based on experimental data. They found that a decrease in the primary fluid saturated pressure caused the primary fluid mass flow to reduce. As the flow area in the mixing chamber is fixed, an increase in the secondary flow results. This caused the mass ratio of the ejector to rise. However, it caused the momentum of the mixed flow to drop. Thus, the critical pressure was reduced. On the other hand, an increase in the secondary fluid pressure, which is the ejector's upstream pressure, will increase the critical pressure. This also increased the mass flow through the mixing duct, which resulted in an increase of mass ratio. The influence of using a small primary nozzle throat diameter was similar to that of decreasing primary fluid pressure [10] [11] [12] [13] , whilst the influence of the primary nozzle exit diameter was not significant at primary fluid pressure.
The optimum geometries of two-phase flow ejector for refrigeration applications were correlated to the operating conditions by Ghonim [14] . It was stated that the maximum ejector efficiency is mainly dependent on the correct choice of the geometries which suits the operating conditions range. Computational fluid dynamics investigations were presented by Sriveerakul et al [5, 15] , for predicting the steam ejector performance for refrigeration applications. They investigated the effect of operational and geometric parameters of the steam ejector on its performance and found that the ejector optimum performance is mainly governed by these parameters. Hence, justification of the ejector geometry is likely needed for optimum operation in different applications [16, 17] . MP Proceedings of the 18 th Int. AMME Conference, 3-5 April, 2018 The ultimate motivation behind the present work is to optimize the steam ejector efficiency by maximizing the mass flow ratio, MR at constant operating pressures. This will be fulfilled through the following: 1) Development and validation of a 2-D mathematical model to predict the performance of supersonic steam ejectors, 2) Selecting the optimum angles of the convergent mixing duct and the diffuser of an ejector in order to optimize the mass ratio for a given operating pressures, 3) Selecting the optimum constant area mixing duct length of an ejector to optimize the mass ratio for the same operating pressures as well, and 4) Relating the ejector mass ratio and efficiency to the investigated ejector geometrical parameters by numerically based correlations deduced from the theoretical investigation to optimize the ejector design (maximum efficiency).
MATHEMATICAL MODEL
The governing equations which describe the flow behavior through the ejector are presented in this section. The theoretical model is formulated based on some assumptions such as: single phase flow, two-dimensional and compressible flow. We consider a horizontal ejector and the flow is statistically steady and axisymmetric. The working fluid of the proposed model (Water vapour) was assumed to be an ideal gas. Although the ideal gas assumption seemed to be unrealistic, it was proved by some researchers, as reported in [5] , that similar results to a real gas model were obtained when the operating pressure is relatively low. The water vapour properties provided in FLUENT database are shown in Table 1 . The density of the working fluid is evaluated using the ideal gas relation and other properties are defined as constants throughout the simulation.
The conservation of mass equation can be written as [18, 19] :
The equations for momentum conservation are: 
Here U S and V S are the source terms for momentum in x and r directions, th Int. AMME Conference, 3-5 April, 2018 The equation of energy conservation in statistically steady 2-D (x-r) coordinate system is
where, eff τ is the turbulent shear stress tensor, V r is the velocity vector and h S is the energy source term.
In the above equation,
where h is the sensible enthalpy and for compressible flows it is defined as The steam ejector efficiency can be given by [20] :
where, h b , h s and h m are the enthalpies of the back, suction and motive steams respectively. MR is the mass ratio (ratio of suction to motive mass flow rates).
TURBULENCE MODELING
The realizable ε − k model [18, 19, 21 ] is used to model turbulence in the present simulation. Moreover, it is found this model provides a superior performance of the flows involving rotation, boundary layer under strong adverse pressure gradient and separation that is likely found in steam ejectors [15, 18, 19] 
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In these equations, k G represents the generation of turbulent kinetic energy due to the mean velocity gradients and b G is the generation of turbulence kinetic energy due to buoyancy. The contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate has been neglected. k S and ε S are user-defined source terms. In the above equations,
The strain rate tensor ( ij S ), the notation ( ij ) describes the direction. When i or j =1, this case corresponding to the x-direction, i or j =2 means the r-direction.
In turbulence modeling,
As discussed earlier, the special feature of realizable ε − k model is that µ C is not a constant, and it is calculated as:
Here, ij Ω is the mean rate of rotation tensor, viewed in a moving frame with angular velocity k ω and, ϕ cos 6 , 04
The model constants are 
SOLUTION PROCEDURE
The finite volume solver, FLUENT 6.3 [19] , is used to obtain the numerical solution of the two-dimensional axisymmetric compressible Reynolds averaged Navier-Stokes (RANS) equations in connection with the realizable ε − k model for closure of the RANS equations.
The steam ejector considered in the present study is constructed of the primary nozzle and the ejector. The primary flow is strongly accelerated in the nozzle and hence the secondary flow is induced through the ejector. The physical domain, boundary conditions, the computational domain and the main geometrical parts are the secondary inflow, mixing chamber, throat and diffuser as shown in Fig. 1 .
The discretized equations along with the initial condition and boundary conditions are solved using the segregated solution method for the segregated solver. The conservation of mass and momentum are solved sequentially and a pressure correction equation is used to ensure the conservation of momentum and the conservation of mass (continuity equation). The generated computational mesh for the considered steam ejector simulation corresponds to the measurements of [5, 15] . The effect of grid refinement on the quality of results is tested in the present study of steam ejector, in which 6200 nodes for the first nozzle part and 16950 nodes for the second mixture part which makes a grid total number of 23150 nodes. For ideal steam flow, the saturation properties (temperature and pressure), are considered at the flow inlet. The outlet pressure boundary condition is identified at the exit. Since the flow is axisymmetric about the ejector center line, only the upper half is considered for the CFD computations.
RESULTS AND DISCUSSION
The ejector performance is mainly characterized by mass ratio and the ejector efficiency. A well designed steam ejector is the one that can deliver the maximum attainable mass ratio with higher efficiency. Figure 2 presents the code validation based on the experimental data provided by Sriveerakul et. al [15] . It is clearly shown that the presented code is capable of predicting the ejector performance well. In addition, it shows that the mass ratio is constant with back pressure increment until a certain value; in this case it is 38.5 millibars. This value is called breakdown point. By increasing the back pressure higher than the breakdown point a reversed flow region dominated at the ejector exit. Which results in delivering the steam flow back to the suction inlet and the ejector dramatically malfunctions.
The steam ejector efficiency given in Eqn. (5) can be enhanced by optimizing the ejector mass ratio, MR and its operating pressures as well (motive (P m ), suction (P s ) and back (P b ) pressures). M. S. Farag, [20] enhanced the ejector efficiency up to 55% by operating it at low pressure ratios for a given ejector geometry. However, present results concern with enhancing the steam ejector efficiency by optimizing its mass ratio at different ejector geometries. A motive flow nozzle with throat radius of 1 mm and an exit radius of 4 mm was used in the numerical simulation. In addition, the constant-pressure mixing section length, the constant-area mixing section radius and the diffuser length were 130, 9.5, and 180 mm. respectively. While, The operating pressures P m , P s and P b were given constant values of 2.7, 0.06, and 0.075 bar respectively as well.
The effect of the constant-pressure mixing section half angle, β on the wall static pressure distribution along the ejector axis is shown in Fig. 3 . It can be observed clearly in the figure that increasing the constant-pressure mixing section half angle leads to an increase in the static pressure along the ejector mixing sections. No abrupt pressure rise is seen in the diffuser section as a pressure outlet boundary condition is set at the exit. The increase in the static pressure at the ejector inlet may be attributed to the increase in the secondary flow suction area due to increasing the constant-pressure mixing section angle while keeping its length and exit diameter constants. Increasing the secondary flow suction area will consequently decrease the flow velocity and increase its pressure. For a given constant-pressure mixing section half angle, the pressure is decreased up to the exit of the constant-pressure mixing section. This decrease in pressure is due to the decrease of the flow area along the ejector axis and friction as well which dominated the tendency for pressure rise caused by the mixing process itself. Furthermore, in the constant-area mixing section the static pressure increases up to a certain distance and decreases after it for almost all values of the angles, β . The increase in the pressure may be explained by the mixing process which is still taking place. However, after completion of the mixing process, the static pressure decreases only due to friction. Figure (4) illustrates the effect of the constant-pressure mixing section half angle, β on the centerline Mach number distribution along the ejector axis. No effect of the angle β is surely noticed along the axis of the primary flow supersonic nozzle and a very slight effect is seen in the constant-pressure mixing section. This is apparently because the mixing process is still at the beginning which means that only primary flow exits in the flow core. Moreover, after the onset of the mixing process in the constant-area mixing section it is seen that the effect of the angle β is opposite to that in Fig. 3 . Increasing the flow Mach number will lead to an increase in the flow velocity and a decrease in its pressure. The ejector mass ratio, MR and consequently its efficiency are greatly affected by constant-pressure mixing section half angle, β which is depicted in Furthermore, the influences of the constant-area mixing section length, L CA on both wall static pressure and Mach number distributions along the ejector axis are illustrated respectively in Figs. 6, and 7. Generally, decreasing the constant-area mixing section length caused the static pressure to increase due to lesser friction except for L CA =50 mm. This is apparently because for L CA =50 mm the constant-area mixing section length was not long enough to complete mixing of the primary and secondary flows. Figure 8 depicts the effect of the constant-area mixing section length on both ejector efficiency and mass ratio. Both maximum efficiency and mass ratio took place at L CA =70 mm.
On the other hand, the effect of diffuser section half angle, α on the wall static pressure distribution along the ejector axis is shown in Fig. 9 . It is shown clearly that increasing the diffuser half angle, α leads to an increase in the static pressure along the ejector axis due to an increase in the flow area except at the exit which is set as a boundary condition. Almost an opposite effect of the diffuser angle on the centerline Mach number distribution along the ejector length is reasonably shown in Fig. 10 . The mass ratio is apparently affected by the diffuser angle which is depicted in Fig. 11 . An optimum value of the mass ratio took place at about 3.6 o of the diffuser half angle. It is important to determine the optimum angle of the diffuser at a given operating condition for optimum efficiency of the ejector. Otherwise, the un-optimized diffuser angle will consequently lead to a diminished value of both ejector efficiency and mass ratio.
Comparisons between the numerically predicted ejector mass ratio and efficiency and the values obtained by the deduced correlations are illustrated respectively in Figs. 12 and 13 . The comparisons show acceptable agreements. The numerical predictions of both ejector mass ratio and efficiency which are shown in Figs. 5, 8 and 11 are separately used to develop correlations relating ejector mass ratio and efficiency to constant-pressure mixing section half ( β ), constant-area mixing section length (L CA ) and diffuser section half angle (α ) while keeping all operating parameters as constants. The obtained correlations for the steam ejector under consideration are in the following form:
where the different Coefficients, a k are given in Tables (2, 3 and 4) . The correlations are valid only for the ranges shown in Figs. 5, 8 and 11. Figure 14 depicts the contours of velocity streamline along the ejector axis. Severe separation is clearly seen starting from the beginning of the diffuser section which may be the reason of the decrease in efficiency shown in Fig. 11 at α = 10 o .
CONCLUSION
The present paper presents an optimization study for testing a steam ejector working at given operating conditions. The proposed CFD code agreed well with the available previously published experiments. The results leaded to concluding that, there are operational and geometrical constraints for using the steam ejectors in order to optimize their performances. For instance, it is important to determine the optimum angle of the diffuser at a given operating condition for optimum efficiency of the ejector. Otherwise, the un-optimized diffuser angle will consequently lead to smaller value of mass ratio.
Moreover, An optimum value of the ejector efficiency and mass ratio took place at about β =4.8 o , L CA = 70 mm and α =3.6 o at given operating conditions which means that for every operating conditions range there is an optimum geometry that should be selected properly. Correlations for ejector optimum efficiency and mass ratio design were obtained by fitting the numerical results and relating these optimum values to three ejector geometric parameters, ( β , L CA and α ). Finally, the results leaded to better understanding of the mixing process in the ejector and the phenomenon of its operation. MP Proceedings of the 18 th Int. AMME Conference, 3-5 April, 2018 (a) Schematic drawing of the physical domain.
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